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Summary
The reproducible pattern of organismal growth during
metazoan development is the product of genetically
controlled signaling pathways. Patterned activation
of these pathways shapes developing organs and dic-
tates overall organismal shape and size. Here, we
show that patches of tissue that are mutant for the
Drosophila Tsg101 ortholog, erupted, cause dramatic
overproliferation of adjacent wild-type tissue. Tsg101
proteins function in endosomal sorting and are re-
quired to incorporate late endosomes into multivesic-
ular bodies. Drosophila cells with impaired Tsg101
function show accumulation of the Notch receptor in
intracellular compartments marked by the endosomal
protein Hrs. This causes increased Notch-mediated
signaling and ectopic expression of the Notch target
gene unpaired (upd), which encodes the secreted ligand
of the JAK-STAT pathway. Activation of JAK-STAT
signaling in surrounding wild-type cells correlates
with their overgrowth. These findings define a path-
way by which changes in endocytic trafficking can reg-
ulate tissue growth in a non-cell-autonomous manner.
Introduction
Organismal patterning requires that the fates of individ-
ual cells within a multicellular organ be coordinated
with the fates of surrounding cells. In most cases, this
is achieved by secreted morphogens produced by a
small group of “organizing” cells that then trigger a co-
ordinated response among receiving cells. This type of
signaling mediates the specialization of a subset of
cells within a larger pool of precursors and shapes de-
veloping organs via local effects on cell proliferation.
A number of secreted factors that control prolifera-
tion have been identified, including epidermal growth
factor (EGF) and platelet-derived growth factor (PDGF).
(Carpenter, 1983; Ross and Vogel, 1978). Other signal-
ing pathways that can influence cell proliferation during
development include those activated by secreted pro-
teins such as Hedgehog, members of the Wnt and bone
morphogenic protein (BMP) families (reviewed in Af-
folter et al., 2001; Barker et al., 2000; Lum and Beachy,
2004), as well as the pathway downstream of the Notch
receptor (reviewed in Lai, 2004). For each of these path-
ways to regulate tissue growth and cell proliferation,*Correspondence: kmoberg@cellbio.emory.eduthey must eventually be able to influence mechanisms
that regulate cell growth and division.
Extracellular mitogens are also implicated in the ab-
errant growth observed in many cancers. In addition to
the well-characterized role of hormones in promoting
or sustaining the growth of certain carcinomas (e.g.,
breast and prostate), there is increasing recent awareness
of the importance of growth-stimulating properties of
stromal cells that are associated with most cancers of
epithelial origin. Several studies have documented the in-
creased propensity of tumor-associated fibroblasts to
accelerate tumor progression in animal models and to
promote tumorigenic changes in normal epithelial cells
(Coussens et al., 1999; Ellsworth et al., 2004; Maffini et
al., 2004; Orimo et al., 2005; Sparmann and Bar-Sagi,
2004; Tlsty and Hein, 2001). While it is likely that many
of these effects are the result of factors secreted by the
stromal cells, the precise nature of these signals have,
in most cases, not been defined.
Studies of Drosophila imaginal discs have contrib-
uted significantly to our understanding of the mecha-
nisms that regulate tissue growth during organismal
development (reviewed in Hipfner and Cohen, 2004).
Studies in Drosophila have also begun to link signaling
molecules that function in patterning the imaginal disc
(e.g., Hh, Dpp, and Wg) with regulation of tissue growth
and cell cycle progression (Duman-Scheel et al., 2002;
Huh et al., 2004; Johnston and Edgar, 1998; Perez-Gar-
ijo et al., 2004; Ryoo et al., 2004). Genetic lesions in
pathways that regulate imaginal disc growth can alter
the size of adult structures such as the eye and the
wing, and a number of genetic screens have used these
phenotypes to identify mutations that result in tissue
overgrowth. As is the case with the study of mammalian
tumors, most of these mutations enhance growth cell-
autonomously and provide little insight into mecha-
nisms that might underlie interactions between tumors
and stromal cells in mammals.
Here, we describe mutations in a locus, erupted (ept),
that enable clones of mutant cells to stimulate the over-
growth of surrounding wild-type tissue. ept mutations
disrupt the function of the Drosophila ortholog of the
mammalian Tumor susceptibility gene 101 (Tsg101),
whose role in tumorigenesis is controversial, but which
has a defined role in the endocytic pathway. Mutations
in Tsg101 activate Notch signaling and cause overpro-
duction of the secreted mitogen Unpaired (Upd). Our
studies thus define a mechanism by which alterations
in trafficking through the endocytic pathway can trigger
the secretion of a growth factor and cause overprolifer-
ation of neighboring cells.
Results
erupted Regulates Eye Size Nonautonomously
We have previously used the eyelessFLP/FRT system
to screen the Drosophila genome for genes that restrict
tissue growth during eye development (Tapon et al.,
2001). Clones of eye cells homozygous for randomly
Developmental Cell
700induced mutations appear “white” due to the absence
of the mini-white+ (m-w+) gene, and wild-type “twin
spots,” which carry two copies of m-w+, appear “red.”
Mutations that increased the relative representation of
mutant over wild-type tissue were retained, as were
those that increased the overall size of the eye. Several
mutants had obviously enlarged eyes composed lar-
gely of wild-type (“red”) tissue, suggesting that the mu-
tations act non-cell-autonomously to deregulate organ
growth. We named one such gene erupted (ept).
Most ept homozygotes die at or prior to the first lar-
val instar, although rare corpses of mutant L2 larvae are
sometimes observed (data not shown). Eyes and heads
of adult flies mosaic for the ept2 allele are dramatically
enlarged and misshapen when compared to those of
the wild-type flies (Figures 1A–1D). Significantly, these
eyes are largely “red” (Figure 1D), indicating that they
are composed of mostly wild-type cells. The eye-anten-
nal discs of ept2 mosaic third instar larvae are also en-
larged (Figure 1F), and they are composed of mostly
wild-type cells (blue stain marks β-gal-positive wild
type cells). Thus, eptmutant cells appear compromised
in their ability to contribute to adult eye tissue, but they
seem to be able to stimulate the overgrowth of adjacent
wild-type cells during larval stages of eye development.
Adult retinal sections show that ept mosaic eyes
have a disorganized cellular architecture, and they con-
firm that most cells are genetically wild-type, as indi-
cated by the presence of pigment granules (Figure 1E).
Many ommatidia have missing or extra photoreceptors
(see arrows, Figure 1E), and there is evidence of fusion
events between adjacent clusters. ept mutant clones in
the adult eye are small and have few recognizable cells.
Rare ept mutant cells appear as “bloated” cell bodies
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aFigure 1. The ept Mutation Leads to Nonau-
tonomous Overgrowth of the Eye
(A–C) Scanning electron microscopy (SEM)
images of (A) FRT80B and (B and C) ept2
mosaic heads (left) and eyes (right).
(D) An ept mosaic eye (left) composed of
mostly wild-type (wt) tissue compared to an
FRT80B mosaic eye (right).
(E) A Section through an ept mosaic eye
reveals scars and missing or extra photo-
receptors (arrows). Rare ept mutant cells
(arrowheads), appear large, but they have
rhabdomeres of normal size.
(F) Comparison of third instar FRT80B mo-
saic (left) or ept2 mosaic (right) eye discs.
X-gal staining (blue) marks control “twin
spots” carrying arm-lacZ.with lightly staining rhabdomeres (see arrowheads, Fig-re 1E). Thus, the Drosophila ept locus has two func-
ions: a cell-autonomous role in cell viability and mor-
hology, and a nonautonomous role in restricting eye
ize.
pt Is Encoded by the Drosophila Ortholog
f the Tsg101 Gene
he erupted gene was localized by complementation
o the w18 kb region of overlap of two deficiencies,
f(3L)Exel9002 and Df(3L)Exel9004 (Parks et al., 2004)
Figure 2A). This region contains two predicted genes:
G9712, the Drosophila ortholog of the mammalian
ene Tsg101, and CG9669, a small gene of unknown
unction. Mutations were not detected in the coding re-
ion of either gene in ept2, and no large-scale chromo-
omal rearrangements of the region were found (data
ot shown). However, Southern blot analysis with a
sg101-specific probe detects anw8 kb increase in the
ize of restriction fragments derived from the 5# portion
f the Tsg101 locus (Figure 2B). PCR and polymorphism
nalysis indicate that sequences within the 5# end are
resent in ept2. However, attempts to amplify the entire
# region from ept2 DNA are unsuccessful, despite the
act that this region is readily amplified from FRT80B
NA (data not shown). These data indicate that ept2
ontains a lesion that disrupts the continuity of se-
uences within the 5# portion of Tsg101. Since the
robe used in Southern analysis flanks this apparent
reakpoint, and detects a single larger fragment in both
amH1 and Nhe1 digests, it seems likely that the ept2
llele contains an w8 kb insertion within the Tsg101
enomic locus. To confirm the identity of ept, we gener-
ted a new lethal ept allele, eptP26, by mobilization of
viable P element insertion located w30 base pairsupstream of the Tsg101 transcriptional start site (EY09252;
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701Figure 2. ept Is the Drosophila Tumor
Susceptibility Gene 101 Homolog
(A) Two overlapping deficiencies define the
ept interval, which includes Tsg101 and
CG9669. Arrows mark two transposon inser-
tions: EY09252 and eptP26, a duplication of
the EY element in exon 5 of Tsg101. The gray
bar indicates the probe used in (B).
(B) Southern blot analysis of FRT80B (“+/+”)
and ept2/FRT80B (“ept2/+”) DNA digested
as indicated (B, BamH1; N, Nhe1). Sizes are
indicated in kb.
(C) Alignment of Drosophila and human
Tsg101, and the Ubc domain of S. cerevisiae
ubc4p. The solid arrowhead denotes the
ubc4p active site cysteine that is a tyrosine
in Tsg101. The open arrowhead indicates the
site of the eptP26 insertion.Bellen et al., 2004). eptP26 fails to complement the le-
thality of ept2, and it displays cellular and organismal
phenotypes in the developing eye that are very similar
to ept2 (Figures S1 and S5; see the Supplemental Data
available with this article online). The strength of these
phenotypes suggests that the eptP26 allele is weaker
than ept2. Analysis of eptP26 revealed a duplication of
the P element inserted into codon 163 (proline) of
Tsg101 exon 5 (see Figures 2A and 2C). To further con-
firm that ept alleles inactivate Tsg101, a full-length
Tsg101 cDNA under the control of the heat-inducible
hsp70 promoter (hs-Tsg101) was used to rescue the le-
thality of ept2/eptP26 trans-heterozygotes to viability
(data not shown). By these genetic data, we conclude
that ept mutations disrupt the function of the Tsg101
gene, and that Tsg101 is required for normal eye devel-
opment. Consistent with this, RNA in situ analysis re-
veals that Tsg101 is expressed at low levels in the de-
veloping eye and antennal discs (Figure S2).
Mammalian Tsg101 and the related S. cerevisiae
Vps23p are components of a multiprotein complex
termed the Endosomal Sorting Complex Required for
Transport-1 (ESCRT-1) that also contains Vps28, and
the hepatocellular carcinoma-related protein 1 (HCRP1)/
Vps37. ESCRT-1 is required to sort vesicular cargosthrough the endosomal system (Bishop and Woodman,
2001; Katzmann et al., 2001). Human and Drosophila
Tsg101 proteins are well conserved throughout their
length (46% identical/61% similar) and have a shared
domain structure (Figure 2C), suggesting that they are
functional homologs. Both contain an amino-terminal
ubiquitin (Ub)-conjugating (UBC) domain similar to that
found in the canonical E2 ubiquitin ligase S. cerevisiae
Ubc4p (boxed in Figure 2C). However, the active site
cysteine in the UBC of Tsg101 family proteins has been
replaced by a tyrosine (Y), and, as a consequence,
these proteins lack Ub-conjugating activity (Sancho et
al., 1998), but retain the ability to bind monoubiquiti-
nated substrates (Garrus et al., 2001; Sundquist et al.,
2004). These substrates are predicted to be the ubiq-
uitinated cytoplasmic tails of membrane bound pro-
teins, and this interaction is predicted to deliver these
cargos to the lysosome via multivesicular bodies (MVBs)
(reviewed in Katzmann et al., 2002).
ept Mutations Affect the Localization of
Ubiquitinated Proteins and Apicobasal Cell Polarity
Inactivation of mammalian Tsg101 and yeast Vps23p
blocks the transit of certain cell surface receptors
through the MVB pathway, leading to accumulation of
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702ubiquitinated receptors in endosomes (Babst et al.,
2000; Li et al., 1999). When eye discs carrying clones of
ept mutant cells were stained with an anti-Ub antibody
(Figures 3A–3F), little staining was observed in wild-
type portions of the discs, but strong staining is ob-
served in mutant cells and appears as bright “puncta,”
suggesting that Ub accumulates in a specific intracellu-
lar compartment. This phenotype is consistent with a
role for Tsg101 in the routing of cell surface proteins
into the MVB pathway in Drosophila cells similar to that
previously shown for mammalian Tsg101 and yeast
Vps23p.
Defects in the trafficking of membrane-associated
proteins can affect many aspects of cell biology, includ-
ing cell shape and polarity. We therefore tested the lo-
calization of two cell polarity markers in ept mutant
cells: Crumbs (Crb), a marker of the zonula adherens
(ZA) (Tepass, 1996), and Discs large (Dlg), a protein that
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and the Localization of a Cell Polarity Marker
(J–O) Confocal images of third instar eye
discs containing clones of ept mutant tissue
marked by the absence of GFP (green fluo-
rescent protein) stained for (A–F) ubiquitin
(blue) or (G–I) Crb (red). Lateral sections of
ept mutant clones stained for (J–L) Crb or
(M–O) Dlg (red). Apical side is up in (J)–(O).ocalizes to septate junctions and the basolateral mem-
rane domain (Woods and Bryant, 1991). Crb localiza-
ion is significantly altered in ept mutant eye disc cells.
n optical section through the middle of the disc epi-
helium reveals that Crb protein accumulates in a sub-
pical domain in ept cells (Figures 3G–3I). A lateral sec-
ion confirms that Crb in ept cells is not localized to the
pical surface, as it is in adjacent wild-type cells (Fig-
res 3J–3L). In contrast, ept cells display the normal
ocalization of Dlg (Figures 3M–3O). The Dlg-positive
ateral profile of ept cells indicates that they are more
ounded than adjacent wild-type cells (Figure 3O). Co-
taining for both Dlg and Crb in ept clones confirms
hese observations (Figure S3), and it reveals that, while
ome Crb protein localizes properly to the apical do-
ain in ept cells (arrow, Figures S3F and S3H), a signifi-
ant amount of Crb is detected in nonnuclear, subapi-
al aggregates (arrowheads, Figure S3H), which show
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703limited overlap with Ub-positive epitopes (data not
shown). Thus, loss of Tsg101 function in epithelial cells
appears to cell-autonomously compromise cell shape
coincident with defects in the compartmentalization of
the cell polarity protein Crb.
ept Mutations Activate Notch and Cause Ectopic
Accumulation of Eyg
The Notch receptor has two properties that implicate it
in a pathway by which ept mutations non-cell-autono-
mously promote tissue growth. First, the restricted acti-
vation of Notch in cells along the dorsoventral (D/V)
boundary of the eye imaginal disc is required for growth
of the entire eye (Cho and Choi, 1998; Dominguez and
de Celis, 1998; Papayannopoulos et al., 1998). Second,
Ub-dependent endocytosis plays an important role in
regulating Notch activity in vivo. In mammalian cells,
ubiquitination and endocytosis contributes to Notch1
activation (Gupta-Rossi et al., 2004), and, in Drosophila,
there is evidence to suggest that the ubiquitin ligase
Deltex may be required for endocytosis-dependent
Notch activation (Hori et al., 2004). Further, alleles of
the endosomal sorting gene hrs, the homolog of yeast
Vps27 (Bilodeau et al., 2003; Katzmann et al., 2003; Teo
et al., 2004), affect Notch localization in imaginal disc
cells (Jekely and Rorth, 2003), indicating that Notch is
a physiological target of the MVB pathway.
In light of these observations, we stained ept mosaic
eye discs with an antibody specific to the Notch cyto-
plasmic domain (anti-Ncyto) (Figures 4A–4L). Notch pro-
tein is detected in wild-type eye discs most prominently
in a stripe of cells within the morphogenetic furrow (MF)
and is concentrated at the apical cell surface (Figure
4A and data not shown). In contrast, ept cells contain
elevated levels of Notch (Figures 4B–4L). This increase
occurs in ept clones throughout the eye disc, but it is
most apparent in clones that lie within or posterior to
the MF. Moreover, the Notch in ept cells accumulates
in nonnuclear, intracellular puncta (Figures 4E–4H) that
also stain positive for Ub (arrowheads in Figures 4I–4L),
and for the endosomal protein Hrs (Lloyd et al., 2002)
(Figures 4N–4Q). Together, these data indicate that ept
mutations block the routing of ubiquitinated cell sur-
face proteins, among them Notch, in an Hrs-positive
endosomal compartment.
Notch is normally processed in cells by a series of
cleavage events required for receptor maturation and
presentation at the cell surface, and for ligand-stim-
ulated activation of the Notch pathway. As ubiquitina-
tion and endocytosis have been shown to affect Notch
cleavage (Gupta-Rossi et al., 2004), we sought to deter-
mine if ept mutations also affect Notch processing.
Eye-antennal discs composed of ept mutant cells (ept/
M(3)) or FRT80B control cells (FRT80B/M(3)) were gen-
erated by the eyFLP/Minute technique (Moberg et al.,
2004). Immunoblot of tissue extracts with the anti-Ncyto
antibody confirms that Notch levels are increased con-
siderably in eye-antennal discs composed of ept mu-
tant cells (Figure 4M), and shows that ept mutant cells
are enriched in aw120 kDa form of Notch (see asterisk,
Figure 4M). The molecular identity of this fragment has
not been determined, but its size appears similar to
certain processed forms of Notch (Kidd et al., 1998;Rand et al., 2000). Indeed, while no one form of Notch
predominates in wild-type cells, this species appears
to be the most abundant Notch species in ept cells.
To examine Notch activation, clones of ept mutant
cells were generated in the presence of the Notch-
inducible transgene E(spl)mb-CD2 (de Celis et al., 1998),
a Suppressor of Hairless (Su(H))-dependent transcrip-
tional reporter that has been used to detect equatorial
Notch activation in the developing eye (Dominguez and
de Celis, 1998). Posterior to the MF, CD2 expression is
detected in the interommatidial cells, and outlines a
single cell from each photoreceptor cluster in a mirror-
image pattern along the equator (inset, Figure 4R).
Thus, in addition to equatorial activation, the reporter
detects Notch activation in postmitotic interommatidial
cells, and in the R3-R4 cell fate choice (Cooper and
Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson and
Struhl, 1999). In ept mutant clones, reporter activity is
strongly elevated (Figures 4S–4U). The degree of acti-
vation exceeds that observed in wild-type eye discs,
and it does not appear to depend upon the location of
ept cells within the disc, occurring on either side of the
MF (see Figure 4S) and in the antennal disc (data not
shown). Some ept cells within a single optical section
appear not to activate the Notch reporter. However, in
most of these cases, CD2, which localizes to cell mem-
branes, can be detected in a focal plane slightly offset
from that of the nuclear green fluorescent protein (GFP)
(data not shown). Thus, our data show that defects in
Notch regulation in ept cells are accompanied by ec-
topic and excessive activation of the Notch pathway.
The requirement for Notch in eye disc growth has
been linked to its ability to induce expression of the
eyegone (eyg) gene at the D/V boundary of the eye disc
(Chao et al., 2004; Dominguez et al., 2004). eyg en-
codes a Pax6-like transcription factor (Eyg) required for
disc growth, and, like Notch, ectopic expression of eyg
is able to induce growth nonautonomously. Consistent
with its effect on Notch, we find that ept mutant cells
express elevated levels of Eyg compared to surround-
ing wild-type cells (Figures 5A–5C). Thus, Eyg may
function downstream of Notch within ept cells to pro-
mote the growth of surrounding cells in a manner sim-
ilar to its normal growth-promoting role at the D/V
boundary.
ept Cells Express the Unpaired Growth Factor
and Nonautonomously Induce Cell Proliferation
and Tissue Overgrowth
Recent work suggests that the unpaired (upd) gene
may be an important growth regulatory target of Notch.
upd encodes the secreted ligand (Upd) of the Domeless
(Dome) receptor, which signals through the JAK-STAT
pathway (Harrison et al., 1998). JAK-STAT signaling is
implicated in many processes during Drosophila devel-
opment, including the control of cell proliferation, cell
motility, stem cell renewal, and planar cell polarity (re-
viewed in Hou et al., 2002). upd is required for normal
growth of the eye (Bach et al., 2003), and ectopic ex-
pression of upd in the larval eye nonautonomously pro-
motes cell proliferation (Chao et al., 2004; Tsai and Sun,
2004) and produces enlarged and misshapen eyes
(Bach et al., 2003) similar to those we observe in ept
Developmental Cell
704Figure 4. Notch Levels and Activity Are De-
regulated in ept Mutant Cells
(A) Wild-type and (B–L) ept mosaic eye discs
stained for the Notch cytoplasmic domain
(red). Images in (A)–(D) are not to scale. Wild-
type tissue is GFP positive; however, in (F)
and (H), wild-type cells are β-galactosidase
positive (blue). YOYO (green) marks nuclei in
(G) and (H). (I–L) ept2 mutant clones stained
for Notch (red) and ubiquitin (blue). (I, J, and
L) Arrowheads mark the overlap between
Notch and Ub epitopes. (M) Western blot of
Notch in third instar eye discs composed of
mostly FRT80B cells (lanes 1–3; “FRT80B/
M(3)”) or ept2 mutant cells (lanes 4–6; “ept2/
M(3)”) generated by the eyFLP/Minute tech-
nique. The amount of protein loaded per lane
is indicated. An asterisk (lane 5) marks the
major form of Notch in ept2 mutant cells.
(N–Q) Anti-Hrs (blue) and Anti-Notch (red)
stains show extensive overlap (arrowheads)
in ept mutant cells. (R–U) Anti-CD2 staining
(red) in (R) wild-type and (S–U) ept mosaic
eye discs carrying the Notch reporter trans-
gene E(spl)mb-CD2. The inset in (U) shows
high magnification of anti-CD2 staining pos-
terior to the MF. Images are not to scale.mosaics. Significantly, Notch is both necessary and
sufficient to activate upd transcription along the poste-
rior margin of the eye disc (Chao et al., 2004).
When ept mosaic eye discs were stained with an
anti-Upd antiserum (Harrison et al., 1998) (Figures 5D–
5M), we observed a dramatic increase in the level of
Upd protein in ept mutant cells compared to adjacent
wild tyjpe cells (see Figures 5H and 5J). Consistent with
a transcriptional link between Notch and upd, Upd pro-
tein accumulation appears coincident with expression
of the Notch reporter (Figures 5J–5M), and ept mosaic
eye-antennal discs contain clones of cells expressing
very high levels of upd mRNA (Figures 5N–5Q). To-
gether, these observations suggest that Notch, perhaps
acting via Eyg, promotes ectopic upd expression in ept
mutant cells.
Clonal overexpression of upd induces localized tis-
sue outgrowths and deregulates the division of sur-
rounding cells (Chao et al., 2004; Tsai and Sun, 2004).
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ahis mitogenic activity is linked to induction of cyclin D
Tsai and Sun, 2004), and to accelerated progression
hrough the G1 phase of the cell cycle (Bach et al.,
003). ept mutant clones can produce phenotypes
uite similar to clonal overexpression of upd. The lower
alf of the disc in Figure 6A appears morphologically
ormal, while the other half, despite being composed
argely of wild-type cells, is misshapen and enlarged.
his localized effect correlates with proximity to a large
pt mutant clone expressing Upd (Figure 6B, and
arked by an asterisk in Figure 6A). Similar hyperplas-
ic growth is associated with clones of upd-expressing
ells in the antennal disc (see arrowhead, Figure 5Q).
ompared to a control disc (Figure 6D), the patterns of
rdU incorporation (Figures 6D–6L) in ept mosaic eye
iscs are disorganized (compare Figures 6D, 6E, and
I), and the number of BrdU-labeled nuclei increases in
roximity to Upd-expressing eptmutant cells in the eye
nd antenna (see circles). This aberrant cell prolifera-
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705Figure 5. ept Mutant Cells Overexpress Eyg
and the JAK-STAT Ligand unpaired
(A–C) ept2 mutant cells (GFP negative) ex-
press high levels of Eyg (red) in a nuclear
pattern.
(D–M) ept2 mutant clones also stain brightly
for the secreted growth factor Unpaired
(blue). (J–M) Costaining for CD2 (red) to de-
tect E(spl)mb-CD2 activity.
(N–Q) RNA in situ hybridization analysis of
(O) second and (N) third instar FRT80B eye
discs using upd (N) sense and (O–Q) and
antisense probes. The arrow in (O) indicates
upd expression at the posterior midline of a
second instar FRT80B eye disc. The arrow-
head in (Q) indicates the ectopic lobe of an-
tennal tissue adjacent to a region of upd ex-
pression.
Images are not to scale.tion occurs in GFP-positive wild-type cells. Hence, the
growth-promoting activity of ept mutations is likely me-
diated by a diffusible extracellular signal like Upd.
ept Mutations Require stat92E to Provoke
Eye Overgrowth
Receipt of the Upd signal via Domeless initiates a sig-
naling cascade that activates a transcription factor en-
coded by the stat92E gene (reviewed in Zeidler et
al., 2000). stat92E encodes the Drosophila ortholog of
the mammalian signal transducers and activators of
transcription (STAT) family of transcriptional regulators,
which function in diverse processes such as immunity
and oncogenesis (reviewed in O’Shea et al., 2002), and
is the only member of this gene family in Drosophila.
Heterozygosity for a stat92E loss-of-function allele
(stat92E06346; Hou et al., 1996) strongly suppresses the
nonautonomous eye overgrowth associated with mo-
saicism for ept mutations, such that ept-mosaic;
stat92E06346/+ eyes are comparable in size to controlFRT80B mosaic eyes (Figures 7A–7C). Thus, nonauton-
omous overgrowth elicited by eptmutations is sensitive
to the genetic dosage of the Upd-responsive transcrip-
tion factor stat92E. In light of the effect on Upd, these
data strongly indicate that the growth-promoting activ-
ity of ept mutant cells requires Upd-dependent activa-
tion of the JAK-STAT pathway in adjacent tissue.
Eye-Specific Inactivation of ept Affects Disc
Morphology and Arrests Organismal Development
ept mutant clones in mosaic eye discs are small and
survive poorly into adulthood. It is possible that this is
the result of cell competition, a process by which slow-
growing cells in the vicinity of wild-type cells are elimi-
nated. If so, then the poor survival of ept cells might be
rescued by eliminating competing cells. We therefore
examined the growth characteristics of ept/M(3) discs,
which are composed almost entirely of cells lacking
Tsg101 function. ept/M(3) animals reach the larval
“wandering” stage 4 days later than control larvae, and,
Developmental Cell
706Figure 6. Cells in Proximity to Upd-Express-
ing ept Clones Display Local Hyperplasia
and Ectopic S Phase Entry
(A–C) An eye disc bearing a large clone of
ept mutant cells (asterisk) stained with the
anti-Upd serum (blue). The lower half of the
disc is disorganized and enlarged. The upper
half appears more normal.
(D–L) BrdU incorporation patterns (red) in a
(D) FRT80B eye disc and in (E–L) two ept
mosaic eye discs stained for Upd (blue). Ar-
rowheads denote Upd-expressing ept clones
with high rates of BrdU-incorporation in sur-
rounding cells (circles).when they do, they are enlarged (Figure 7D). A small
fraction of these animals pupate and die before becom-
ing pharate adults. The remainder die as giant larvae
containing high levels of Upd (Figure 7E).
Allowing ept mutant cells to grow in epithelia lacking
wild-type cells also uncovers a context-dependent cell-
autonomous overgrowth phenotype. Rather than sur-
viving poorly as they do in mosaic discs, ept/M(3) eye
discs overgrow into large masses that lack normal disc
morphology (Figure 7F). These masses are composed
of folded and convoluted sheets of cells fused together
(data not shown), and they often include a distended
sac-like structure (arrow). The overgrowth phenotypes
of ept/M(3) animals and discs do not reflect an in-
creased rate of growth: control L3 larvae are the same
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mize as ept/M(3) larvae of the same temporal age, and
he ept/M(3) eye discs, while mispatterned, are not ob-
iously increased in size (data not shown). Thus, the
pt/M(3) masses are the result of an extended larval
hase, and a failure of the disc to stop growing when it
eaches the appropriate size. Thus, cells lacking Tsg101
ay be unable to respond to signals that normally
ense and restrict organ size.
iscussion
ammalian Tsg101 was initially discovered because
ntisense Tsg101 expression allowed fibroblasts to
orm colonies in soft agar and produce tumors in nude
ice (Li and Cohen, 1996). However, the role, if any,
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707Figure 7. ept-Dependent Overgrowth Re-
quires stat92E
(A–C) Adult heads of the indicated geno-
types: (A) an FRT80B mosaic, (B) an ept2
mosaic, (C) an ept2 mosaic that carries one
copy of the stat92E06346 allele.
(D) Wandering-stage larvae of the indicated
genotypes and (E) Western blot analysis of
Upd levels in these animals. The amounts of
protein per lane are: 3 g, lanes 1 and 4; 7
g, lanes 2 and 5; 20 g, lanes 3 and 6.
(F) Comparison of eye-antennal disc com-
plexes of the indicated genotypes. The arrow
indicates the sac that may represent the
peripodial membrane.of Tsg101 in mammalian tumorigenesis has remained
controversial. The similarity of Tsg101 to yeast Vps23p
has led to a better understanding of Tsg101 as a com-
ponent of an endosomal pathway that routes mono-
ubiquitinated proteins into multivesicular bodies and
the lysosome (reviewed in Katzmann et al., 2002). Here,
we show that mutations in the Drosophila ortholog of
Tsg101, erupted, do indeed result in tissue overgrowth.
Surprisingly, overgrowth occurs in the wild-type tissue
that surrounds mutant cells. Notch trapped in ept mu-
tant endosomes is activated, and it stimulates produc-
tion of the secreted growth factor Upd, which causes
stat92E-dependent proliferation and overgrowth of sur-
rounding wild-type cells.
A Block in the Late Endocytic
Pathway Activates Notch
Models of endosome-mediated receptor internalization
emphasize the role of monoubiquitination as a signal
for routing proteins through the MVB pathway (re-
viewed in Katzmann et al., 2002). Our data indicate that
this pathway plays an important role in limiting Notch
levels in cells of the developing eye, and that the ex-
cess Notch that accumulates upstream of the block in
Tsg101 mutants is active and localizes to an Hrs-posi-
tive compartment. This might imply that ligand bound
Notch is normally trafficked through endocytic com-
partments, but that not all ligand bound receptors suc-
ceed in transmitting a signal to the nucleus. Blocking
this pathway at a particular step might then arrest
Notch in a compartment from which it is able to signal.
This is consistent with a proposed model in which en-
docytosed Notch is the preferred substrate of the Pre-senilin (Psn)-dependent γ-secretase (Gupta-Rossi et al.,
2004), although we do not detect enrichment of Psn
in ept mutant cells (K.H.M., unpublished data). Delta
accumulates ectopically in ept mutant eye disc cells
(Figure S4), suggesting that the mechanism of Notch
activation in endosomes may be ligand dependent.
Further experiments are needed to test the role of Ub,
Delta, and the γ-secretase in activating Notch in ept
mutant cells.
Certain asymmetric cell fates in the nervous system
are controlled by selective endosomal routing of Delta
(Emery et al., 2005). As several manipulations that block
Notch entry into early endosomes also compromise
signaling (Gupta-Rossi et al., 2004; Hori et al., 2004),
Notch activation during normal development may also
be controlled by trafficking to a particular compart-
ment. Our data suggest that this compartment lies be-
tween the cell membrane and the point in the MVB
pathway at which Tsg101 acts, and includes the Hrs-
positive endosome. We find that eyFLP-mediated mi-
totic recombination of hrs alleles do not provoke over-
growth in the developing eye (K.H.M., unpublished
data). If further study confirms that hrs mutant cells ac-
cumulate Notch but do not activate it, it would suggest
that Notch activation occurs in an endosomal compart-
ment downstream of the block in hrs mutants, but up-
stream of the block in ept mutants.
Other Roles
hrs inactivation has been shown to affect localization of
a number of receptors, including Notch, Egfr, Patched,
Smoothened, and Thickveins (Jekely and Rorth, 2003).
We have focused on the effects of ept on Notch, but it
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708is likely that endosomal sorting of other receptors is
also disrupted in ept cells. Indeed, the ability of ept
alleles to enhance phenotypes of two EGFR pathway
components, rolled/MAPK and Gap1 (data not shown),
is consistent with findings that mammalian Tsg101 reg-
ulates Egfr endosomal sorting (Babst et al., 2000;
Bishop et al., 2002; Lu et al., 2003). The extent to which
other pathways contribute to ept mutant phenotypes,
and the degree to which ept affects receptor trafficking
in tissues other than the developing eye, clearly merits
further investigation.
Non-Cell-Autonomous Regulation of Growth
by Notch via the JAK-STAT Pathway
Notch activation is an important determinant of the size
of the adult eye. Manipulations that increase Notch ac-
tivity or activate Notch at ectopic sites (e.g., by gener-
ating fringe mutant clones) result in increased growth
of the eye imaginal disc and larger adult eyes. Acti-
vated Notch proteins also appear to promote cell prolif-
eration in the context of certain cancers (reviewed in
Maillard and Pear, 2003). While there are likely to be a
number of cell-autonomous Notch targets that effect
growth, data presented here identify Upd and the JAK-
STAT module as likely mediators of non-cell-autono-
mous growth phenotypes associated with Notch acti-
vation, and they show that loss of Tsg101 is sufficient
to activate this pathway in cells of the eye-antennal
disc. In light of these findings, it will be of interest to
test whether Notch is able to regulate the JAK-STAT
pathway in epithelial tissues other than the fly eye.
A Reevaluation of Tsg101 as a Tumor Suppressor
From the first description of Tsg101 as a gene required
to restrict oncogenic transformation and anchorage-
independent growth of cultured mammalian cells (Li
and Cohen, 1996), a satisfying mechanistic explanation
of how Tsg101 regulates cell proliferation has proved
elusive. Another ESCRT-1 subunit, HCRP-1/hVps37A, is
also implicated as a growth inhibitory gene (Bache et
al., 2004), but its role in proliferation control is similarly
unclear. We have shown that mutation of the Drosoph-
ila Tsg101 homolog, erupted, affects tissue growth in
two different ways. First, clones of ept cells promote
the overgrowth of surrounding wild-type tissue. Sec-
ond, eye discs composed almost entirely of ept mutant
tissue continue to grow during an extended larval
stage, and they become tumorous masses. Despite an
apparent slow-growth phenotype, these ept mutant
cells continue to proliferate beyond the developmental
stage at which they would otherwise exit the cell cycle.
This contrasts with the behavior of normal cells that
stop growing when the tissue reaches the appropriate
size, and suggests that ept cells are unable to respond
to signals that normally sense and restrict organ size.
This phenotype differs from that induced by eye-spe-
cific overexpression of upd (Bach et al., 2003), suggest-
ing that it is not due only to mitogenic effects of Upd.
In addition to this growth defect, ept mutant cells also
display phenotypes consistent with defects in apicoba-
sal polarity. Considered together, these cell-autono-
mous defects are quite similar to those associated with
mutations in the “neoplastic tumor suppressor genes”
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(nTSGs) scribble, discs-large, and lethal(2) giant larvae
reviewed in Bilder, 2004). While this similarity need not
eflect a common mechanism of growth control be-
ween Tsg101 and the nTSGs, it is perhaps significant
hat all of these genes can now be linked to the control
f epithelial cell polarity via the Crb pathway.
Mice lacking Tsg101 function die as early embryos,
nd inactivation of Tsg101 in cultured cells impairs pro-
iferation (Wagner et al., 2003). However, our data sug-
est the possibility that mammalian cells with reduced
sg101 function could promote the growth of neighbor-
ng cells in vivo. While there is no link yet established
n mammalian cells between ESCRT-1 function and a
utative Notch-upd-stat pathway, mammalian Notch
ignaling has been shown to induce transcription of a
umber of cytokine genes (reviewed in Maillard et al.,
005) whose encoded factors signal through down-
tream JAK-STAT pathways. Intriguingly, a recent re-
ort has also found evidence that the genomic interval
ontaining human Tsg101 shows a high rate of allelic
mbalance in nontumor-derived stroma associated with
reast carcinomas (Ellsworth et al., 2004). Thus, an
valuation of the growth-regulating properties of Tsg101
utant mammalian cells may require the use of more
omplex culture systems that incorporate both wild-
ype and mutant cells, possibly derived from different
ell types.
xperimental Procedures
enetics
rosses were performed at 25°C. ept clones were made by a cross
f w;FRT80B,ept2/TM6B to y w eyFLP;FRT80B,P[m-w+;arm-lacZ]
r y w eyFLP;FRT80B,P[m-w+;ubiGFP]. y w eyFLP;FRT80B,ept2/
RT80B,P[m-w+]RpL141 animals (“ept/M(3)”) were obtained from a
ross of w;FRT80B,ept2 and y w eyFLP;FRT80B,P[m-w+]RpL141/
M6B. stat92E06346/+ animals with ept2 mosaic eyes were made by
cross of w;FRT80B ept2,stat92E06346/TM6B and y w eyFLP;
RT80BP[m-w+;ubiGFP].
olecular Biology
he Tsg101 cDNA RE26756 (Research Genetics) contained a muta-
ion that altered the Tsg101 coding sequence (data not shown). A
epaired version of RE26756 cloned into the pCaSpeR vector was
sed to generate hs-Tsg101 animals by standard techniques. A 1
r heat shock at 37°C was administered daily. A genomic probe
enerated by PCR by using the primers M3-R (5#-GTAACGATCAT
ACCTGGATG-3#) and Tsg-seq1 (5#-GTGCCTACCAATGTGACC 3#)
as used in Southern blotting. Full-length sense and antisense
robes made from the upd cDNA were used in RNA in situ analysis
Moberg et al., 2004). For Western blots, discs or larvae lysed in
DS loading buffer were resolved by 7.5% SDS-PAGE and probed
ith mouse anti-N antibody 9C6 (1:5000) or rabbit anti-Upd poly-
lonal antiserum (1:5000). A 1.5 hr pulse was used for BrdU la-
eling.
icroscopy and Immunohistochemistry
EM analysis was performed at the Northeastern University
lectron Microscopy Center. Thin-section analysis of adult eyes
as performed according to standard protocols. Immunostaining
as performed as described previously (Moberg et al., 2001). Anti-
odies: rabbit anti-β-galactosidase (Cappel) 1:50; goat anti-rabbit
y5, anti-mouse Cy3, and anti-rat Texas red (Jackson Laboratories)
:50; rabbit anti-Upd 1:500; rat anti-Crumbs 1:100; rat anti-CD2
Research Diagnostics, Inc.) 1:100; mouse anti-BrdU (Becton Dick-
nson) 1:50; rabbit anti-Ubiquitin (DakoCytomation) 1:200; mouse
nti-Dlg (DSHB) 1:20; rabbit anti-Eyg 1:200; guinea pig anti-Hrs
Lloyd et al., 2002) 1:1000; purified mouse anti-Notch 9C6 1:200;
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709purified mouse anti-Delta 1:5000. YOYO (Molecular Probes) was
used at 1:2000.
Supplemental Data
Supplemental Data including additional data on Crb, Dl, and eptP26
are available at http://www.developmentalcell.com/cgi/content/
full/9/5/699/DC1/.
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